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It  is  shown  in  this  communication  that  if  an  electric  current  is 
passed through a mammalian serous membrane bathed in dilute buffer 
solution, the solution is caused to stream by electroendosmosis through 
the membrane toward the cathode at reactions alkaline or near neu- 
trality, but toward the anode with buffers of moderately acid reaction. 
This paper and others to follow are intended to establish certain of the 
conditions of such electroendosmotic fluid transport across mammalian 
membranes  when  a  current  is  introduced  from  an  external  source. 
Certain  interesting  physicochemical  characteristics  of  mammalian 
seros*e have  emerged in  the  course  of  the  present  experiments.  A 
physiologically balanced  buffer isotonic with  the  tissue  fluid  is  de- 
scribed.  The problem of bioelectric currents as a  possible source of 
electrokinetic effects is reserved for future study. 
Method and Materials. 
Apparatns.--The  simple apparatus adopted after a number of trials  is  shown 
in Fig. 1.  The tissue membrane, either in place in the animal or excised, is applied 
to the mouth of a glass electrode vessel provided with a side tube graduated in 
millimeters.  The aperture it covers is 9 mm. in internal diameter.  The upper 
end of the electrode vessel is fitted with a short piece of rubber tubing through 
which the vessel may be filled and washed; the tubing is clamped off during a run 
* A preliminary report of this study has recently appeared (Mudd, S., Science, 
1924, Ix, 527). 
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with a small hemostatic forceps.  The side tube is tilted slightly upward from the 
horizontal; and into it is sealed a platinum electrode connected on the outside of the 
tube with a length of copper wire.  This copper connecting wire is coiled and sealed 
to the outside of the tube with De Khotinsky cement,  t  The other electrode is a 
glass tube containing a  wire immersed in buffer solution over a plug of buffered 
FIG. 1. Arrangement for experiment on electroendosmosis through mesentery 
of a living animal.  For description see text. 
agar.  During the observations the membrane and agar electrode are kept in a 
crystallizing dish full of the same buffer as that inside the electrode vessel.  The 
220 volt line is used as source of electromotive force. 
i This device, due to Dr. G. Failla, serves to protect the vessel from the other- 
wise frequent accident of having the platinum wire break off close to the glass seal. STt~ART  MtrDD  391 
The membrane is held in place over the mouth of the electrode vessel by means 
of a circular rubber band cut from a  piece of rubber tubing.  The rubber band is 
applied with the aid of  a  device made from a Halstead curved mosquito forceps 
(Fig. 2).  The inside of the jaws of the forceps are filed smooth and a  third jaw 
is fastened to the forceps by means of a machine screw and solder.  A shoulderis 
filed into  each  jaw  just  below  the  tip,  and  the  rubber  is  stretched  over  the 
shoulders thus formed whence it can readily be slipped off into the groove above 
the mouth of the electrode vessel. 
Structure  of Serous  Membranes.--The  mammalian  serosae  of  the major body 
cavities vary considerably in detail of structure  even at different points in the 
same cavity.  Practically the whole of the parietal pericardium was found to be 
-C 
FIG. 2.  Device for applying rubber band.  See text. 
serviceable for the experiments.  A fibrous sheet of pleura extending between the 
caudal tip of the pericardium and the diaphragm was also well adapted for experi- 
ments  and  was  regularly  employed.  Experiments  with  the  peritoneal  serosa 
were usually performed on the mesentery  of  the  small intestine,  much  less fre- 
quently on the mesocolon or the mesocecum. 
All of the membranes mentioned are covered on their two surfaces with a single 
layer of pavement mesothelial cells.  The free surfaces of these mesothelial cells 
are described  ~ as in close but not in such perfect apposition but  that  fine  inter- 
cellular crevices may be demonstrated and particles may be forced between the 
M:acCallum, W. G., Bull. Johns HopkinsHosp., 1903, xiv, 105. 392  ELECTROENDOSMOSIS.  I 
cells.  The larger preformed openings or stomata of earlier authors have apparently 
been shown to be non-existent by later work3 '3 
Next  to the mesothelium of one or both sides of the membrane lies a  fairly 
dense layer of fibrous connective tissue as shown in Fig. 1, Plate 1, and Fig. 4, 
Plate 2, in which cells are scarce.  The collagen fiber bundles lie parallel to the 
mesothelial surface  and  elastin fibers are woven  between  the collagen bundles. 
The thicker membranes, especially the pericardia, often have a  definite layer of 
areolar connective tissue bounded on one side by mesothelium, or a thin layer of 
connective tissue, and on  the other by the dense fibrous layer just mentioned. 
Fat is deposited in this areolar layer of the pericardium (Fig. 1, Plate 1),and also 
in the mesentery (Fig. 3, Plate 2), especially about the larger blood vessels.  If 
the animal is obese the windows of membrane between the blood vessels also con- 
tain fat deposit.  Elastin fibers in the sections studied (cat, dog, and rabbit) were 
relatively more numerous and coarser in the pleura~  than in the pericardia.  In 
the lean pleura sections of the region under consideration, such fibers made up a 
considerable  fraction of the total bulk of fibrous material, (Fig. 2, Plate 1), amount- 
ing at some situations in the dog to close to 50 per cent.  In the mesentery., also, 
elastic fibers may  be seen sparsely or thickly scattered among the collagen bun- 
dles of the fibrous tissue and lying between the fat cells, where these are present. 
In sections parallel to the mesentery surface, a loose meshed elastic network has 
been seen through the pavement epithelial cells. 
The variability in structure of the membranes needs emphasis.  Even  inthe 
several regions of one microscopic section, the total thickness, the amount of fat 
deposit, the relative proportions of dense fibrous and areolar tissue, and of col- 
lagen and elastin fibers may vary widely (Fig. 2,  Plate 1,  and Fig. 3, Plate 2). 
The thickness and strength of the membranes are, in general, less in the cat than in 
the dog, and still less in the rabbit.  The pericardium of any one species is thicker 
and stronger than the pleura--at least in the regions used--much more so than is 
the mesentery. 
During the accumulation or resorption of serous transudates, or in an electro- 
endosmotic experiment liquid must pass through the capillary interstices of the 
membranes,  between  (and  through?)  the  mesothelial cells and  the  connective 
tissue fibers, and between the fat cells.  Under natural conditions the liquid has to 
pass only part way through the membrane whereas under the experimental ones 
it passes through both leaves. 
BuJer Solutions.--In  the  earlier experiments reported below, the  citric acid- 
sodium phosphate buffer described by Mcllvaine  4 was used.  In electroendosmotic 
experiments, however, it is not convenient to work with a buffer of such low re- 
sistance.  Stock mixtures were therefore made up  as tabulated  by  Clark  5 and 
Cunningham, R. S., Am. J. Physiol., 1922, lxii, 248. 
4 McIlvaine, T. C., J. Biol. Chem., 1921, xlix, 183. 
5 Clark, W. M., The determination of hydrogen ions, Baltimore, 2nd edition, 
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diluted, before use, with distilled water so as to contain 1 volume of stock buffer 
in 25  volumes of solution.  These dilute buffer mixtures have been designated 
below as "McIlvaine's."  The pH was shifted to the alkaline side by the dilution, 
from 1.8 to 6.6 pH units.  The pH values of the dilute mixtures were determined 
as  routine  electrometrically and  in  duplicate.  The  hydrogen  electrodes  were 
standardized at intervals against N/10 HC1 the pH of which at 25°C. was taken as 
1.037. 
The molarity of a dilute buffer at pH  =  5.06 was 0.00587  I.  In the acid range 
the molar concentration decreased to 0.00408 ~  at pH  --- 2.9 approximately; in 
the alkaline range it increased to  0.00763  ~  at pH  =  7.7  approximately.  The 
dilute buffers were accordingly of only about ~  the molarity of the blood in the 
reversal point region, and hence very hypotonic for the tissues studied.  Further- 
more, these buffers contained only H" and Na" as cations and were thus unbalanced 
physiologically.  That such a buffer solution is toxic follows from general biological 
experience and may readily be demonstrated by applying it to a living mesentery. 
The tissue at once loses its transparency and becomes clouded.  The problem of 
preparing  a  suitable isotonic,  physiologically balanced  buffer  was  accordingly 
undertaken. 
Isotonic, Physiologically Balanced Buflers.--The sodium citrate and  phosphate 
mixture was retained and potassium chloride and calcium chloride were added 
in such  proportions as to make  the final ratio of Na  : K:  Ca  the same  as in 
Ringer's solution.  The NaHCO3 of Ringer's solution was omitted as unsuitable in 
a buffer for use where control of CO2 tension was not practicable.  The total elec- 
trolyte concentration adopted was about ~,  that of the blood, thus making the 
specific resistance of the buffer high. 
The osmotic pressure of the balanced buffer mixture was, in the preliminary 
work, adjusted to approximately that of the tissue fluids by the addition of glucose. 
The use of glucose, however, necessitated elaborate precautions for sterility.  Oxi- 
dation of the glucose in alkaline solution  s limited the range of usefulness of the 
buffer and even in the acid range the potential of the H  electrodes in measuring the 
pH was never quite so stable or reproducible as in the absence of the sugar.  To 
avoid these difficulties, glycerol was at length substituted for glucose, at the sug- 
gestion of Dr.  P.  A. Levene.  The  total molar concentration of the buffer was 
brought  to  approximate equivalence wth  5.4 per cent dextrose solution, which 
Rous and Turner found isotonic with mammalian red blood cells.  7  This glycero- 
lated, isotonic, physiologically balanced buffer (I. P. B. B. No. 3)  proved very 
satisfactory.  This solution or Ringer's solution, when left for 1 or 2 minutes in 
contact with living dog mesentery, caused a slight opacity; but distilled water or 
dilute McIlvaine's buffer caused a much greater opacity. 
It could be shown that the hydrogen electrode did not even faithfully repre- 
sent the pI-I values of an alkaline glucose solution. 
Rous, P., and Turner, J. R., J. Exp. Med., 1915, xxiii, 227. 394  ELECTROENDOSMOSIS.  I 
A  titration  curve against N/100 HCI made isotonic with glycerol  was deter- 
mined  electrometrically from pH  =  8.1  (pure buffer)  to pH  =  2.85  (buffer  5 
volumes, i,~/100 isotonic HCI 6 volumes).  Fresh buffer mixtures were  thereafter 
made according to the titration curve, and checked at the critical reactions  with 
the hydrogen electrode. 
The formula of the glycerolated, isotonic, physiologically balanced buffer was 
as follows: 
Isotonic,  Physiologically Balanced Buffer No. 3. 
gin. 
Na~HPO4 (Merck's anhydrous) ...............................  1.895 
NasC,H~OT.5½H,O  (Powers-Weightman-Rosengarten Co.  analyt- 
ical) ...................................................  4.765 
KC1 (Merck's Blue label reagent) .............................  0.034 
CaC1, (Powers-Weightman-Rosengarten Co. anhydrous) .........  0.029 
Glycerol  (Powers-Weightman-Rosengarten  Co.  analytical--95 
per cent glycerol) ........................................  152.0 
Distilled water to .........................................  6  liters 
To  prepare  I. P. B. B.  No. 3: Weigh into 6 liter volumetric flask,  Na,HPO,, 
Na citrate,  and  KCI as given in formula.  Dissolve in about 5 liters of distilled 
water.  Weigh CaCl, (0.029 gin.) into clean container, dissolve and wash contents 
into 6 liter volumetric flask.  Autoclave salt  mixture.  Weigh with sterile pre- 
cautions 152.0 gm. glycerol into clean sterile bottle.  Wash contents with sterile 
distilled water into 6 liter volumetric, cooled to room temperature.  Make up to 
mark with  sterile  distilled  water at  room  temperature.  This  procedure  was 
followed for convenience despite  the small error introduced by autoclaving the 
volumetric flask. 
Electric  Transport o[ Fluid Across Serous Membranes. 
TheoreticaL--The  volume of fluid transported by an electric current 
in unit  time  across a  simple membrane,  traversed  by channels whose 
walls are of uniform material, is defined by the equation 8 
= K.l.a.~ 
4~r.~  (1) 
in which •  =  volume of fluid transported in unit time across the mem- 
brane, K  =  dielectric constant of the solution in the membrane pores, 
=  specific resistance  of the  solution  in  the membrane  pores,  q/  = 
8 yon Smoluchowskl, M., in  Graetz, L., Handbuch der Elecktrizit~it und des 
Magnetismus., Leipzig, 1912, ii, 380. STIIART ~0a)I~  395 
viscosity coefficient of the solution in the membrane pores, I  =  elec- 
tric  current  traversing  the membrane pores,  ~"  =  electrokinetic 1,.D.~ 
between pore walls and  solution in  the pores (at the isoelectric point 
=  0). 
The direction and magnitude of the liquid flow with reference to the 
electric current,  other  factors remaining  constant,  depend upon  the 
values of g'.  These in turn are determined by the materials with which 
the membrane channels are coated and upon the nature and concen- 
tration of the ions~ chiefly the H  ions, in contact with the membrane 
materials.  Thus if the channel walls are of amphoteric substance the 
membrane will have a  hydrion reversal point,  on the alkaline side of 
which streaming is toward the cathode and on the acid side, toward the 
anode. 
Animal membranes of the type studied in the experiments here re- 
ported  are not simple but heterogeneous in composition and complex 
in arrangement  of parts.  It does not seem theoretically possible to 
define the volume of liquid flow through  such a  membrane.  Never- 
theless it is clear that each minute part of the membrane must influence 
(except at its isoelectric point) the drive of the liquid toward anode or 
cathode.  Some concentration of hydrogen ions in the perfusing fluid 
should be discoverable, at which the fluid currents of various values, in 
different directions, flowing through the minute surface elements of the 
membrane,  together with the various circulatory currents within the 
membrane,  so neutralized each other that no accumulation of fluid on 
either side of the membrane results. 
The hydrogen ion reversal point, or more briefly, the reversal point 
of a complex, amphoteric membrane may be defined empirically, then, 
as that concentration  of H  ions in a given solution within the pores of the 
membrane,  traversed by an electric current,  at which the total electroend- 
osmotic current through  the membrane is O. 
The  need  for  specifying  the  composition  of  the  solution  bathing 
the membrane follows from consideration of recent work by Michaelis 
and Rona.  They have shown that  the dissociation state of an acid, 
a  base, or an ampholyte, is influenced by the presence of any ions, if 
there is affinity for them,  through  salt formation. 1°  Citrate ion dis- 
9 Freundlich, H., and Gyemant, A., Z. physik. Chem., 1922, c, 182. 
10 Michaelis, L.,  and Rona,  P., Biochem. Z.,  1919, xciv, 225. Michaelis, L., 
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places rather strongly to the acid side.  It will be  shown in a  later 
communication that the polyvalent anions present in the buffers used 
in the present experiments displaced the H  ion reversal point toward 
the acid side by a considerable fraction of a pH unit. 
It seems clear that if such a reversal point is found experimentally 
the corresponding H  ion concentration must be somewhere between 
the extreme values which correspond to the isoelectric points of the 
various membrane substances involved. 
It will be suggested below that the histological structure of the lean 
membranes,  together with  the position and sharpness  of the H  ion 
reversal points found for them seem to indicate that their electrokinetic 
P.D. are primarily referable to the dissociation state of their proteins. 
Little difference was  found in  the values of the  reversal points for 
the/at pericardia tested in the early hours post mortem as compared 
with the lean pericardia.  It seems necessary to conclude either that 
the surfaces of the fat cells introduce no driving force of their own or 
that their driving force, and hence electrokinetic r.D.,  must vary in 
much the same way with respect to hydrogen ion concentration as do 
the substances of the lean membrane. 
Knowledge of the electrokinetic behavior of the non-protein sub- 
stances of cells is too meager to justify positive conclusions as to which 
possibility is  correct.  Ellis  11 found, nevertheless, that hydrocarbon 
oils suspended in water migrated to the anode.  Their negative charge 
was  not reversed  in  HC1  even  up  to  N/10.  Heesch  12  also  showed 
anodal  migration  for  cholesterol  and  lecithin.  Probability  seems, 
therefore, to favor the supposition that the behavior ot  the electro- 
kinetic P.D. of the fat cell surfaces is much like that of the substances 
of the lean membranes.  These experiments afford presumptive evi- 
dence, then, that proteins are an important or predominant element 
in the composition of the fat cell surfaces. 
EXPEP,.IMENTAL 
The experimental procedure was simple.  Morphine  sulfate (1.5 cc. of a 1 per 
cent solution) was usually injected subcutaneously  into the dogs and cats from ½ 
to 2½ hours before anesthesia.  Rabbits  were not morphinized.  The operation 
11 Ellis, R., Z. physik. Chem., 1912, Ixxviii,  321. 
lz tieesch, K., Arch. ges. Physiol., 1921, cxc, 198. STUART mYgD  397 
was always performed under ether.  A mid-line abdominal incision was made, the 
omentum raised, and a loop of intestine delivered.  A clear intervascular window 
of mesentery was  then  washed with  the buffer to be used  and  applied  to  the 
electrode vessel as described above (Figs. 1 and 2). 13  Buffer was introduced into 
the electrode vessel through the vertical rubber tube and the tube clamped.  The 
membrane over the mouth of the electrode vessel and the agar electrode were then 
immersed in buffer in a crystallizing dish, the level of the meniscus read, and the 
circuit closed.  The current was allowed to flow for 2 minutes with inner electrode 
cathode,  and  the  meniscus  read;  a  pole-charging switch  was  thrown,  and  the 
current was allowed to flow 2 minutes with inner electrode anode, or four alternate 
1 minute runs were made.  The algebraic sum of rise to the cathode and fall from 
the anode during the 4 minutes of current flow was taken as the movement of the 
meniscus for the total period.  It can readily be shown that if a  small constant 
leakage of buffer through the membrane due to hydrostatic pressure was occurring, 
this was practically cancelled out by the method adopted.  Continued tapping 
on the electrode vessel was of assistance in preventing the accumulation of bubbles 
from the platinum electrode from interfering with the reading. 
In  the  early  experiments,  dilute  blood  of  the  experimental  animal  and 
McIlvaine's buffer near pH =  5.7 were used with as many regions of the seros~e as 
possible.  The mesocolon and mesocecum, the mesentery of the small intestines, 
the omentum, pericardium, and various parts of the parietal pleura and the pleura 
between the lobes of the lungs were tested.  In all, liquid flow was found to be 
uniformly toward the cathode.  The various membranes were tested also with 
buffers of pH near 3.3.,  and flow was regularly toward the anode.  It  proved 
possible in these experiments to test the pericardium and pleura while the animal's 
heart was still beating, though respiration had stopped. 
Those sites which showed themselves in these experiments sufficiently acces- 
sible and strong were adopted for routine use.  For quantitative work it was neces- 
sary also to take more efficient precautions against contamination of the buffers 
with blood than was possible with the pericardium or pleura of the dying animal. 
The  animals were  thereafter  bled to  death,  therefore, by opening  the femoral 
arteries, and occasionally also the aorta.  The membranes could then be washed 
practically free  of blood  and  tissue  juice  before  determination of  the reversal 
points. 
Estimation of the reversal points of the thicker membranes, particularly those 
containing fat deposit, was complicated by the difficulty of washing one buffer 
from the membrane pores before using another.  This may be illustrated by Fig. 3, 
Experiment 50.  4 minute runs with the same site of the  membrane  bathed  in 
buffers of all pH values indicated by the abscissEe were made in the order of the 
numbered points.  The ordinates indicate the transport of fluid toward cathode 
13 Electrode vessel and agar electrode were, of course, supported by clamps not 
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indicate pH of buffers bathing outside of membrane.  Ordinates represent volume 
of liquid transported in c.mm. per minute per milliampere of current.  Runs num- 
bered in the order made. STUART M~rDD  399 
or anode in cubic millimeters per minute per milliampere of current.  Successive 
runs in this experiment were made with buffers of successively lower pH, from 
pH  =  5.98 to pH  =  4.04.  The resulting curve crossed the base line at a pH of 
about 4.55.  Buffers in the order of increasing pH were then used and a  second 
point of intersection with the base line was found at pH =  4.8.  The "corrected 
reversal point" is the estimated point at which, in the experimenter's judgment, 
the curve would have crossed the base line could this lag in filling the membrane 
pores with the desired buffer have been entirely eliminated. 
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With many membranes, particularly the fat ones, the discrepancy between the 
apparent reversal points proved to be much greater than in Experiment 50,  so 
that these served only to define the lower and upper limits, respectively, between 
which  the  true  reversal  point  lay.  Another  procedure,  therefore,  had  to  be 
adopted for estimation of the corrected reversal point.  This is illustrated in Fig. 4. 
Buffer in  the electrode vessel and crystallizing dish was changed in  the  middle 
and at the end of the 4 minute period.  Successive runs narrowed down the limits 
within which the true reversal point lay until the point was at least approximated 
in this case by Run 19.  In later experiments, when the approximate position of the 
reversal point had become known, a few buffers of about the critical reaction were 400  ELECTROENDOSMOSIS.  I 
used for a  large number of runs.  The reversal point could thus be  determined 
objectively within  0.2  pH  unit  and  by  interpolation  could  be  estimated  con- 
siderably more closely. 
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The  ready reversibility  of the  membranes proved  to  be  a  striking 
attribute.  Fig.  5,  Experiment 40 may serve to illustrate  this point. 
From  points  3  to  21,  inclusive,  each  run  was  in  a  direction 
opposite to its predecessor.  These  18 reversals of the charge on the 
membrane  were  made  in  a  total  time  of  138  minutes,  and  without 
greatly distorting the shape of the curve.  Repeated reversals of the 
direction of flow across the same sites of the mesenteries of living dogs 
were also made by alternately using an acid buffer and dilute blood. 
Attempts to gain some idea of the time required for reversal of the 
tissues  were  made  on  other  membranes.  Observations  on  a  rabbit 
pericardium  afford  the  best  illustration.  Successive  2  minute  runs 
were made attesting  six reversals of charge in an elapsed time of 20 
minutes.  Most of this certainly represents the time expended in the 
runs themselves and in washing the membrane and refilling the elec- 
trode vessel between runs.  At best it sets an exceedingly rough upper 
limit on the time required for reversal. 
Comparison  of the reversal  points determined  with  the hypotonic Mcll~'aine 
buffer and with the isotonic, physiologically balanced buffers does not reveal un- 
equivocal differences.  Ten experiments  on the mesenteries of living animals with 
dilute  McIlvaine's buffer gave a  mean apparent reversal  point of pH  =  4.42. 
Eight similar  experiments  on mesentery with I. P. B. B. gave a mean apparent 
reversal  point of pH = 4.43, a striking agreement.  In the experiments  on these 
delicate  membranes,  a new site was used  for each  run.  The mean reversal point 
of three experiments on cat pleura with 1V~cIlvaine's  buffer was pH = 4.37; for two 
experiments on cat pleura with I. P. B. B. the mean reversal point was pH = 4.25. 
Three dog pleura~ with McIlvaine's gave an average reversal point of pH  = 4.96, 
and a single dog pleura with I. P. B. B. No. 3, a  reversal  point  of pH  =  5.0. 
The mean reversal  point of fourteen pericardium experiments  with McIlvaine's 
was 5.18 (a: 0,026, the probable error of the mean); of 5 pericardium experiments 
with I. P. B.B.was 5.04 ±  0.081.  In the pericardium and pleura experiments one 
site was used for the whole reversal point determination.  The membranes were 
thus exposed to the action of the hypotonic unbalanced buffer long enough for 
considerable swelling to occur.  The slight differences between  the mean reversal 
points of the pericardia may have been purely fortuitous or may have been due to 
some effect upon the membrane by the McIlvaine buffer.  At all events the lack 
of a more definite difference of reversal  point determined with the two types of 
buffer is the point of interest here. 
Comparison  of the reversal  points of fat and lean pericardia has shown only 
small differences.  The mean reversal  point for eleven lean pericardium experi- 
ments was pH  =  5.18 ~= 0.046; for eight fat pericardium  experiments,  the mean 402  ELECTROENDOS:MOSIS.  I 
reversal point was 5.08 -*- 0.022.  Consideration of the experiments of Table I 
indicates, however, that a  slightly greater concentration of hydrogen ions may be 
required to reverse the fat than  the lean region of the same pericardium.  For 
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these estimations one site was used immediately after the sacrifice of the animal. 
The rest of the membrane was preserved  in a moist chamber in the ice box at 
about 4°C. until ready for use.  An electrode vessel with larger mouth, 14 ram. 
inside  diameter,  was used to hold the membranes,  thus giving somewhat larger 
excursions of the meniscus with the same applied E.M.r.  The runs were continued 
in the region of the reversal point for from 1 to 3 hours before the reversal point 
found was accepted as correct. 
The mean apparent reversal point for eighteen mesenteries of li~ing 
animals  was 4.43  4-  0.034.  The mean reversal point for seven peri- 
toneal  estimations,  post  mortem,  was 4.78  4-  0.044.  This  difference 
could  not  have  been  accidental.  In  the  writer's  judgment  it  was 
TABLE  I. 
65 
66 
69 
67 
70 
68 
71 
72 
A. 
tg 
B. 
. 
Membrane. 
Pericardium. 
gc 
gg 
State of animal. 
Dead  3+hrs. 
"  52½  " 
"  190  " 
Dead  2 +  " 
"  93½  " 
Dead  2 +  " 
"  119  " 
"  146  " 
Condi- 
tion of 
mem- 
brane. 
Fat. 
Lean. 
Fat. 
Lean. 
Fat. 
Lean. 
Fat. 
Buffer. 
Mcllvaine's. 
tc 
at 
rain. 
163 
181 
87 
157 
111 
149 
163 
168 
5.15 
5.1 
5.3 
5.05 
5.35 
5.2 
5.2 
5.0 
probably referable to mixing of buffer salts from the circulating blood 
with the buffer in the membrane pores of the living animals; the value 
pH  =  4.78  probably much more nearly represents  the  true  reversal 
point of the mesentery.  The available  evidence does not appear  to 
indicate any consistent or considerable postmortem  shift  of  reversal 
point, with the possible exception of a small shift  toward the acid side, 
with  the  fat membranes  several days post mortem.  Except for the 
experiments listed in Table I, however, all postmortem determinations 
were made within 1 or a few hours after death. 
A  definite  species  difference  in reversal  point values seems  to exist 
between the dog and cat, as may be seen by comparing the mean values 
for the several membranes:  living peritoneum, for cat pH  =  4.36  4- STUART  MUDD  405 
0.029, for dog pH  -- 4.49 q- 0.064; pericardium,  post mortem, for cat 
pH =  4.99 q- 0.096, for dog pH  =  5.19 -¢- 0.026; pleura, post mortem, 
for cat pH  =  4.32 q- 0.058, for dog pH =  4.97 ~  0.019. 
TABLE  II. 
Species. 
~abbit. 
Cat. 
Dog. 
Cat. 
Dog. 
~c 
Membrane. 
Peritoneum. 
State  of 
animal. 
Living. 
Dead. 
Lean. 
Condition  of 
membrane. 
Fat. 
Mean  reversal 
point. 
pH 
Apparent reversal 
point. 
4.37 
4.36  4. 0.029* 
4.49  4-  0.064 
Corrected reversal 
point. 
4.80 
4.62 
5.0 
Range 
of 
varia- 
tion. 
pR 
0.1 
0.3 
0.9 
0.3 
0.15 
Average, dog peritoneum,  dead .......................... 
Human. 
Rabbit. 
Cat. 
Pericardium. 
~c 
c¢ 
Dead. 
*c 
*c 
Lean. 
*c 
Fat. 
Average, all cat pericardia  ............................. 
t 
8  Dog.  Pericardium.  ] De  d.  Lean. 
6  "  ,,  ]  ,a,  Fat. 
Average, all dog pericardia  ........................... 
Rabbit. 
Cat. 
Dog. 
Pleura. 
tc 
Dead. 
,a 
Partly lean. 
Lean. 
Average, 18 living peritoneum experiments  ..........  .... 
"  7 dead  "  " 
"  11 lean pericardium  "  ............. 
"  8 fat  "  " 
4.99 
5.26 
5.08 
5.19 
4.32 
4.97 
4.75 
4.98 
5.1 
4.9 
5.07 
±  0.096 
-4-  0.032 
4"  0.021 
4"  0.026 
4.85 
-4-  0.058 
±  0.019 
4.43  ±  0.034 
4.78  ±  0.044 
5.18  ±  0.046 
5.08  ±  0.022 
0.45 
0.6 
0.6 
0.25 
0.6 
0.45 
0.2 
0.45 
0.5 
0.1 
0.92 
0.47 
0.85 
0.25 
* The precision measure given, ±  0.029  etc., is in each case the probable error 
of the mean. 
The data of several experiments are shown graphically for illustra- 
tion.  The reversal point data are summarized in Table II. 406  ELECTROENDOSMOSIS.  I 
DISCUSSION. 
Electroendosmotic  experiments  with  organized  tissues have  been 
reported previously by but few authors. 
Girard 14  pointed out in 1910 that  some of  the values of  apparent osmotic pres- 
sure determined by Graham with pig bladder osmometers were doubtless due to 
electroendosmosis superposed on osmosis in the sense  of  van't Hoff. Bartell  and 
his collaborators  15 have published very important work on electroendosmofic 
effects  in gold-beaters  skin,  parchment paper, and other membranes as the cause 
of anomalous osmosis. Girard and Morax  16  secured electroendosmotic transport 
across the corneas of rabbits  i~ sire/streaming  was to the cathode but could be 
reversed when the eyeball  was bathed in Batik.  Girard and his coworkers have 
driven  solutions  electroendosmotically  also  into  cancerl7  andliver  tissue.*  s Stern  19 
found cathodal streaming through willow twigs  and sections  of  potato soaked with 
conductivity water. Heesch 19.  has reported the reversibility  of a variety  of  cells 
and cell  components by lanthanum salts  and by salts  of histone,  clupeine,  and of 
several basic  dyes. Cataphoresls was used.  Pig bladder and frog muscie were 
found by electroendosmosis  to  be  reversible  by the  same agents. 
Regarding  the bearing  of the  experiments  here  reported  on  the 
important question of the chemical composition of the water-pervious 
channels through the membranes, the ready reversibility of the mem- 
branes with hydrogen ions seems to the writer to constitute strong evi- 
dence  that  the  charging  of  the  membrane  ultimately  depends  in 
greater part, at least, upon the dissociation state of certain amphoteric 
components.  The  proteins  are  well known  to  be  similarly  sharply 
reversib]e in their dissociation state and the reversal points of the mem- 
branes lie in the characteristic protein isoelectric zone (see Table III). 
Indeed, the behavior of the membranes affords rather striking analogy 
to the results of some of the experiments of Loeb with protein-coated 
collodion membranes, s° 
14 Girard, P., Compt. rend. Acad., 1910, eli, 99. 
15 Bartell, F. E., and Hocker, C. D., J. Am. Chem. Sot., 1916, xxxviii, 1029, 1038. 
Bartell, F. E., and Madison, O. E., J. Phys. Chem., 1920, xxiv, 444, 593. Bartell, 
F. E., and Sims, L. B., J. Am. Chem. Soc.,  1922, xliv, 289. Bartell, F. E., and 
Carpenter, D. C., J. Phys. Chem., 1923, xxvii, i01,252,346. 
1, Girard, P., and Morax, V., Compt. rend. Acad., 1920, chx, 821. 
17 Roffo, A.-H., and Girard, P., Compt. rend. Acad., 1920, chxi, 273. 
is Faur~-Fremiet, E., and Girard, P., Compt. rend. Soc. biol., 1921, lxxxv, 1140. 
,s Stern, K., Z. Bot., 1919, xi, 561. 
,3 Loeb, J., Proteins and the theory of colloidal behavior, New York and Lon- 
don, 1922. STUART mrDD  407 
On the other hand, the only known ampholytic lipolds,  the phos- 
phatides,  ~1 have a  broad isoelectric zone (see Table III) in which the 
whole  molecules  are  electrically  neutral.  The  possibility,  indeed 
probability,  that  lipoids,  when or~iented  in  interfaces, may present 
charged surfaces or may attain a charge through adsorption, of course, 
remains.  There is  no  reason,  however,  to  expect a  sharp  reversal 
point such as has been found in the present experiments as a  conse- 
quence of the presence of lipoids,  although a  reversal point  due to 
protein in  the presence of a  certain amount of lip0id is,  ~g course, 
possible. 
Behavior of the membranes in a way suggestive of protein composi- 
tion  is not  surprising  with  regard  to such membranes as  the lean 
pericardium or pleura in which the major bulk of the tissue is inter- 
cellular fibrous material of collagen and elastin.  It would seem that 
in the fat membranes, however, a large part of the course of the per- 
fusing fluid must be between the thin protoplasmic  shells of the fat 
cells.  The conclusion seems warranted that the surfaces of these cells 
probably contain protein in a  predominant or at least an important 
amount.  (See page 396.) 
It may be argued that exposing the serosa~ and treating them with 
fluids at reactions so far removed from the normal reaction of the blood 
may alter them from their normal condition.  While this possibility 
cannot be denied, nevertheless the force of the objection is consider- 
ably abated by the following considerations.  No considerable differ- 
ences were detected between the behavior of the membranes when 
bathed in isotonic, physiologically balanced buffers and such grossly 
injurious mixtures as hypotonic solutions of pure sodium salts.  Sig- 
nificant differences were not detected between membranes in the first 
as  compared with  subsequent  hours post mortem with one possible 
exception.  Only small differences in direction and amount of liquid 
transport  appeared  as  a  result  of varying  the  order in  which  the 
membranes were exposed to the acid and alkaline buffers. 
A  list  of published  isoelectric points  of  biological  substances  is 
appended for reference.  These are of very uneven value.  Certain 
of the figures have been determined with precision, e.g. S/Jrensen (25); 
others are at best approximations; the values of Michaelis and David- 
sohn for pepsin and trypsin are probably in error altogether.  Critical 
appraisal is not attempted here; the originals should be consulted. 
21 The writer is indebted to Dr. P. A. Levene for this information. 408 
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SUMMARY. 
It is shown that when a  mammalian serous membrane bathed in 
dilute buffer is  traversed by an electric current, liquid is  caused to 
stream through the membrane toward the cathode when the pH value 
of the buffer is on the alkaline side of a  certain critical hydrogen ion 
concentration.  Streaming is toward the anode on the acid side of the 
reversal  point.  Simple  means  for  studying  this  electroendosmosis 
quantitatively are described.  The mean values ot the reversal points 
in all cases studied with the present buffers liebetween pH  =  4.3 and 
5.3. 
The membranes studied have been the mesentery of the living and 
dead animal,  and the parietal pericardium and pleura, post mortem. 
The membranes of dogs,  cats,  rabbits,  and  two  human pericardia 
have  been  studied.  All  these membranes are  essentially  sheets  of 
connective tissue, bearing blood vessels, lymphatics, and nerves, and 
in some instances fat cells, and lined on each surface by a single layer 
of pavement mesothelial  cells.  Intercellular fibers  form  the major 
bulk of the lean membranes.  These are predominantly collagenous 
except in the pleural region used, in which elastin  fibers are present 
in large proportion. 
By using buffers alternately more acid or more alkaline than the 
reversal point, the direction of liquid flow across any given membrane 
site could be reversed an indefinite number of times.  The time inter- 
val  required  is  only  that  taken  by  the  requisite  manipulation  in 
changing buffers and making the runs. 
The mean values of the reversal points for the several membranes 
when bathed in hypotonic, unbalanced buffer and in isotonic, physio- 
logically balanced buffers showed only small  and  inconstant  differ- 
ences.  The fat and lean pericardia similarly showed small difference 
in the positions of the mean reversal points. 
The apparent reversal points for the mesenteries of living animals 
proved to be lower than those for the mesenteries post mortem.  This 
low value in  the animals with functioning circulation is interpreted 
as essentially due to admixture with the buffers of buffer salts from 
the blood.  Clear differences between the reversal points of the mere- 
branes in the first compared with later hours or days post mortem were STUART  M'UDD  411 
not detected,  with  the possible exception of a  small shift toward the 
acid  range  of  the  fat  pericardium  reversal points  estimated  several 
days  post  mortem.  The  reversal  points  with  cat  membranes  were 
somewhat lower  (more acid)  than  those of the dog. 
The approximate mean reversal points found with the citrate-phos- 
phate buffers used were as follows:  For mesenteries of living animals 
pH  =  4.4;  for mesenteries,  post mortem,  pH  =  4.8;  for cat  pleurae, 
post mortem, pH  =  4.3;  for  dog  pleurae,  post mortem,  pit  =  5.0; 
for lean and fat pericardia, post mortem, pH -- 5.1.  The mean rever- 
sal point of the two human pericardia was about pH  =  5.0.  Reversal 
points determined with buffers containing only monovalent anions are 
somewhat higher (less acid), as will be shown later. 
The bearing of these data on the question of the chemical composi- 
tion of the surfaces of the fat cells of the serous membranes is discussed. 
Briefly,  it is believed that proteins  are probably present in important 
amount in  these cell surfaces. 
The writer wishes to express his indebtedness  to Dr.  Harry  Clark 
for invaluable aid with the theoretical considerations involved in this 
paper. 
Protocols. 
Experiment 50.--(Fig. 3.)  Human pericardium.  I. P. B. B. No. 2.  Adult 
male, about 40 yrs.  Died 9:45 a.m., Mar. 25, 1924.  Lobar pneumonia, positive 
blood culture.  4 minute runs on same site of pericardium from 11:53  a.m. to 
4:01 p.m.  For structure of membrane see Fig. 4, Plate 2. 
Experiment 57.--(Fig. 4.)  Dog pericardium.  Male.  I.P.B.B. No. 3.  Mem- 
brane contained fat deposit in experimental site.  Animal succumbed to bleeding 
1 : 06 p.m.  4 minute runs on same site from 1 : 49 p.m. to about 5: 40 p.m. 
Experiment  40.--(Fig.  5.)  Rabbit  pericardium,  lean.  Female.  Dilute 
McIlvaine's buffer.  Animal died of bleeding 12:59 p.m.  4 minute runs on same 
site from 1:27 p.m. to 4:35 p.m. 
Experiment 41.~--(Fig. 6.)  Cat pericardium, lean.  Male.  Dilute McIlvaine's 
buffer.  Animal died of bleeding 1:07 p.m.  4 minute runs on first site from 1:38 
p .m. to 3 : 51 p .m.; similar runs on second site from 4:13 p .m. to 5 : 53 p.m. 
Experiment 45.--(Fig.  7.)  Cat mesentery, lean.  Male.  I.P.B.B.  No. 1. 
1.5 co. of 1 per cent morphine sulfate subcutaneously, 11 : 45 a.m.  Ether anesthesia 
begun 1 : 25 p.m.  Mid-line abdominal incision.  4 minute runs, each on a different 
site of mesentery, from 1:45  p.m.  to 4:54 p.m.  Perivascular fat deposit en- 
croached considerably on intervascular areas. 412  ELECTROENDOSMOSIS.  I 
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EXPLANATION  OF PLATES. 
PLATE I. 
FIG. I. Cat pericardium.  Hematoxylin-eosin.  The clear  spaces in the fat 
layer are loci from which fat globules have been dissolved in preparation of the 
microscopic sections.  ×  260. 
FIa. 2.  Dog pleura.  Weigert's elastic  tissue  stain.  Two sections  of pleura 
between  pericardium and diaphragm.  The elastin  fibers appear black.  ×  510. 
PLATe 2. 
FIG. 3.  Dog mesentery.  Hematoxylin-eosin.  ×  260. 
FIG. 4.  Human pericardium.  Weigert's elastic tissue stain.  Section from site 
of Experiment 50.  Only a few delicate elastin  fibers imbedded in the white con- 
uective tissue.  ×  180. THE  JOURNAL  OF GENERAL  PHYSIOLOGY  VOL.  VII.  PLATE 1. 
(Mudd: El~ctroendosmosis.  ].) THE JOURNAL OF GENERAL  PHYSIOLOGY VOL. VII.  PLATE  2. 
(Mudd: Electroendosmosis.  I,) 